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OEM 

DITTO 

DITTL 
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H  (TT)t  HT  (TT) 
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Angle  of  attack,  deg 
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Hot-wire  anemometer  heating  current,  mAmp 

Code  Indicating  nature  of  data  tabulated: 

"2*  -  Model  surface  pressure  and  temperature 
measurements 

"4"  -  Mean  boundary- layer  profile  measurements 
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"9"  -  Hot-film  anemometer  probe  measurements 

Boundary- layer  total  thickness,  in. 

Boundary- layer  displacement  thickness.  In. 

Boundary- layer  momentum  thickness,  in. 

Tunnel  stilling  chamber  dew  point  temperature,  °F 

Enthalpy  difference  at  boundary- layer  thickness, 
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Local  enthalpy  difference,  ITTL-ITVIL,  Btu/lbm 

Hot-wire  anemometer  mean  voltage,  mv 
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Free-stream  static  pressure,  psia 
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Pitot  probe  pressure,  psia 
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RHOD,  RHD 
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RUN 
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AT 

TAP 
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TO 
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TL 

TT 

TTO 

TTE 

TTL 

TW 


Heat-transfer  rate,  Btu/ft2-$ec 

Free-stream  unit  Reynolds  number,  in.-l  or  ft-1 

Free-stream  unit  Reynolds  number,  ft-1 

Free-stream  density,  lbm/ft3 

Density  at  boundary- layer  thickness,  DEL,  lbm/ft3 

Local  density,  lbm/ft3 
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Radius  of  model  leading  edge,  in. 
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temperature  (TT) , 
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Free-stream  static  temperature,  °R,  or  °F 

Temperature  difference,  °F 

Pressure  orifice  Identification  number 

Identification  number  of  model  surface 
thermocouples 

Static  temperature  at  boundary- layer  thickness, 
DEL,  °R 

Temperature  of  Druck  probe  transducer,  °F 

Peripheral  angle  on  the  model  measured  from  ray 
on  model  top,  positive  clockwise  when  looking 
upstream,  deg 

Local  static  temperature,  ®R 
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Local  total  temperature,  °R 
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Coaxial  thermocouple  gage  surface  temperature  at 
time  point  tj,  j  =  1  to  n,  °R 

Model  wall  temperature  used  for  boundary- layer 
survey  calculations,  °R 

Water  supply  temperature,  °R 
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1.0  INTRODUCTION 


The  work  reported  herein  was  performed  by  the  Arnold  Engineering 
Development  Center  (AEDC),  Air  Force  Systems  Command  (AFSC),  under 
Program  Element  Numbers  JPF170  and  65807F,  Control  Numbers  1999  and 
9T03,  at  the  request  of  the  Wright  Research  and  Development  Center 
(WROC/FIMG),  Wrlght-Patterson  Air  Force  Base,  Ohio  45433-6553,  and  the 
AEDC  Directorate  of  Aerospace  Flight  Dynamics  Test  (AEDC/DOF).  The 
WROC  project  manager  was  Kenneth  F.  Stetson  and  the  AEDC/DOF  program 
manager  was  Capt.  N.  H.  Patnode.  The  results  were  obtained  by  the 
Cal  span  Corporatlon/AEDC  Operations,  operating  contractor  for  the 
Aerospace  Flight  Dynamics  testing  effort  at  the  AEDC,  AFSC,  Arnold  Air 
Force  Base,  Tennessee  37389-5000.  The  test  was  conducted  in  the  AEDC 
Hypersonic  Wind  Tunnel  (B)  on  August  3-14,  1989,  under  the  AEDC  Project 
Number  C010VB  (Cal span  Project  Number  V— B-2R). 

The  objective  of  this  test  was  to  Investigate  the  development  of 
hypersonic  laminar  boundary- layer  flow  Instabilities  along  a  hollow 
cylinder  model.  The  test  was  the  eighth  In  a  series  of  cooperative 
efforts  between  WRDC/FIMG  ad  AEDC/DOF.  The  first  seven  tests  have 
investigated  various  aspects  of  boundary- layer  stability  on  sharp  and 
blunt  cones.  Representative  documentation  of  the  previous  seven  tests 
Is  given  In  Refs.  1-4.  Selected  results  of  the  previous  tests  are 
presented  In  Refs.  5-9. 

An  existing  water-cooled  hollow  cylinder  model  from  the  AEDC  model 
Inventory  was  used  for  the  test.  The  principal  measurements  of  this 
investigation  were  hot-wire  anemometer  probe  data  acquired  above  the 
top  (zero)  ray  of  the  model.  These  data  were  supplemented  by  surveys 
of  the  model  boundary  layer  using  a  pitot  pressure  probe.  Model 
surface  pressure,  temperature,  and  heat-flux  were  also  measured.  Data 
were  acquired  at  Mach  number  8  for  zero  model  angle  of  attack.  In 
general  the  testing  was  done  at  free-stream  unit  Reynolds  numbers  of 
1.0-  and  1.5-mllllon  per  foot.  A  limited  amount  of  heat-transfer  data 
was  obtained  at  a  unit  Reynolds  number  of  2.0  million  per  foot. 

Inquiries  to  obtain  copies  of  the  test  data  should  be  directed  to 
AEDC/OOF,  Arnold  Air  Force  Base,  Tennessee  37389-5000,  or  to 
WRDC/FIMG,  Wrlght-Patterson  Air  Force  Base,  Ohio  45433-6553.  A 
microfiche  record  has  been  retained  at  AEDC. 


2.0  APPARATUS 


2.1  TEST  FACILITY 

The  AEDC  Hypersonic  Wind  Tunnel  B  (Fig.  1)  is  a  closed-circuit 
wind  tunnel  with  a  50- In. -diameter  test  section.  Two  axisymmetric 
contoured  nozzles  are  available  to  provide  Mach  numbers  of  6  and  8,  and 
the  tunnel  may  be  operated  continuously  over  a  range  of  pressure  from 
20  to  300  psla  at  Mach  number  6,  and  50  to  900  psia  at  Mach  number  8, 
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with  air  supplied  by  the  VKF  main  compressor  plant.  Stagnation 
temperatures  sufficient  to  avoid  air  liquefaction  in  the  test  section 
(up  to  1350° R)  are  obtained  through  the  use  of  a  natural  gas  fired 
combustion  heater.  The  entire  tunnel  (throat,  nozzle,  test  section, 
and  diffuser)  is  cooled  by  Integral,  external  water  jackets.  The 
tunnel  Is  equipped  with  a  model  injection  system,  which  allows  removal 
of  the  model  from  the  test  section  while  the  tunnel  remains  in 
operation.  A  description  of  the  tunnel  and  airflow  calibration 
Information  may  be  found  In  Ref.  10. 

2.2  TEST  ARTICLE 

The  test  article  used  In  this  investigation  (Fig.  2)  was  a  hollow 
cylinder  model  with  a  length  of  59.5  in.,  an  0.0.  of  10.0-in.,  and  an 
I.D.  of  8.1  in.,  out  of  AEDC  model  inventory.  The  cylinder  was 
composed  of  two  concentric  shells  of  0.2-in.  wall  thickness  separated 
by  stiffeners  with  provision  for  circulating  cooling  water  in  the  space 
between  the  shells.  The  model  had  a  removable  leading  edge  section  of 
3.74-1n.  axial  length  with  a  sharp  leading  edge  of  0.004-in.  radius. 
The  leading  edge  was  beveled  on  the  inside  with  an  entry  angle  bevel  of 
15  deg.  This  section  capped  the  upstream  end  of  the  coolant  passage 
between  the  Inner  and  outer  shells  of  the  cylinder.  Cooling  water  was 
carried  to  the  upstream  end  of  the  passage  by  eight  tubes,  evenly 
spaced  circumferentially,  where  it  was  Introduced  just  Inside  the 
leading  edge  section  and  allowed  to  diffuse  to  the  downstream  sealed 
end  of  the  coolant  passage.  The  water  passage  was  full  at  all  times 
during  testing.  A  photograph  of  the  test  installation  Is  shown  in 
Fig.  3. 

In  order  that  air  flow  through  the  inner  bore  of  the  cylinder  be 
unobstructed.  It  was  necessary  that  the  model  support  be  attached  to 
the  outer  surface  of  the  model.  The  test  article  was  mounted  on  the 
Tunnel  B  sector  using  a  specially  designed  sting  and  a  collar  which 
attached  over  the  aft  7.5  in.  of  the  cylinder  length  (Fig.  2).  The 
collar  had  an  0.0.  of  10.72  in.  The  leading  edge  of  the  collar  was 
beveled  to  reduce  the  flow  disturbance  produced  In  the  boundary  layer 
by  the  joint.  Surveys  of  the  boundary  layer  were  made  15  in.  or  more 
upstream  of  the  leading  edge  of  this  collar.  Cooling  water  was 
supplied  to  and  drained  from  the  cylinder  through  manifolds  in  the 
collar.  Covered  channels  in  the  collar  were  provided  to  route  the 
Instrumentation  tubes  and  leads  from  the  cylinder  to  the  sting. 

The  model  was  instrumented  for  the  present  test  with  26  pressure 
orifices  along  four  rays  of  the  cylinder:  eight  orifices  along  the 
15-deg  ray  and  six  orifices  along  each  of  the  rays  at  90,  180,  and 
270  deg.  Coaxial  thermocouple  gages  were  Installed  at  27  locations 
along  the  345-deg  ray.  The  locations  of  the  orifices  and  gages  are 
listed  in  Table  1.  Gages  and  the  leads  were  encased  in  stainless  steel 
tubing  to  seal  them  from  the  water  flowing  around  them  inside  the 
coolant  passage.  Tubes  from  the  pressure  orifices  and  for  the  gage 
leads  were  sealed  In  the  flange  where  they  passed  through  the 
downstream  end  of  the  coolant  passage. 
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2.3  FLOW-FIELD  SURVEY  MECHANISM 


Surveys  of  the  flow  field  were  made  using  a  retractable  survey 
system  (X-Z  Survey  Mechanism)  designed  and  fabricated  by  the  AEDC. 
This  mechanism  makes  It  possible  to  change  survey  probes  while  the 
tunnel  remains  in  operation.  The  mechanism  is  housed  In  an  air  lock 
Immediately  above  a  port  In  the  top  of  the  Tunnel  B  test  section. 
Access  to  the  test  section  is  through  a  40-1n.-long  by  4-1n.-wide 
opening  which  Is  sealed  by  a  pneumatically  operated  door  when  the 
mechanism  Is  retracted.  Separate  drive  motors  are  provided  to 
(1)  Insert  the  mechanism  Into  the  test  section  or  retract  It  into  the 
housing  (Z  drive),  (2)  position  the  mechanism  at  any  desired  axial 
station  over  a  range  of  35  In.  (X  drive),  and  (3)  survey  a  flow  field 
of  approximately  10-1n.  depth  (Z1  drive).  A  pneumatlcal ly  operated 
shield  Is  provided  to  protect  the  probes  during  injection  and 
retraction  through  the  tunnel  boundary  layer,  during  changes  in  tunnel 
conditions,  and  at  all  times  when  the  probes  are  not  in  use  (Figs.  3 
and  4a). 

The  probes  required  for  flow-field  survey  measurements  were 
rake-mounted  on  the  X-Z  mechanism  (Fig.  4)  at  the  foot  of  the  Z'  drive 
strut  that  was  extended  or  retracted  to  accomplish  the  survey.  The 
angle  of  the  survey  strut  with  respect  to  the  vertical  was  fixed  by 
manually  sweeping  the  strut  to  the  selected  angle  between  5  deg  (swept 
upstream)  and  -15  deg  (swept  downstream)  and  locking  the  strut  in 
position.  In  the  present  test,  the  sweep  angle  of  the  strut  was  set  at 
-6.5  deg  to  allow  surveys  to  be  made  as  far  aft  on  the  model  as 
XSTA  »  37  In. 

A  sketch  of  the  survey  probe  rake  Is  shown  in  Fig.  4b.  The  top 
and  rear  surfaces  of  the  rake  were  designed  to  mate  to  the  V  drive 
strut  of  the  X-Z  Survey  Mechanism.  The  rake  was  provided  with  four 
0.10-1n.  I.Q.  tubes  through  which  were  mounted  the  hot-wire  anemometer 
and  pitot  pressure  probes.  One  tube  was  used  in  the  present  test  for 
housing  a  "touch- sensor"  probe  that  caused  the  survey  mechanism  to  halt 
when  the  probe  made  contact  with  the  model  surface.  The  tubes  were 
fitted  with  clamps  attached  to  the  rake  to  hold  the  probes  in  position. 
One  of  the  probe  tubes  of  the  rake  was  located  in  a  removable  section. 
This  feature  facilitated  the  replacement  of  fragile  probes  and  allowed 
for  critical  probe  alignments  to  be  made  under  a  laboratory  microscope, 
as  required  for  the  hot-wire  probe. 

2.4  FLOW-FIELD  SURVEY  PROBES 

The  hot-wire  anemometer  probes  (Fig.  5a)  were  fabricated  by 
AEDC.  Platinum,  10-percent-rhodlum  wires,  drawn  by  the  Wollaston 
process,  of  20-micro-1n.  nominal  diameter  and  approximately 
140  diameters  In  length  were  attached  to  sharpened  3-mll  nickel  wire 
supports  using  a  bonding  technique  developed  by  Philco-Ford 
Corporation  (Ref.  11).  The  wire  supports  were  Inserted  In  an  alumina 
cylinder  of  0.032-1n.  diameter  and  0.25-in.  length,  which  was,  in  turn, 
cemented  to  an  alumina  cylinder  of  0.093-1n.  diameter  and  3.0-in. 
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length  that  carried  the  hot-wire  leads  through  the  probe  holder  of  the 
survey  mechanism. 

The  pitot  pressure  probe  (Fig.  5b)  had  a  cylindrical  tip  of 
0.007-ln.  inside  diameter.  This  probe  was  fabricated  by  cold-drawing  a 
stainless  steel  tube  through  a  set  of  wire-drawing  dies  until  the 
desired  Inside  diameter  was  obtained.  The  outside  surface  of  the  drawn 
tube  was  subsequently  electropoll  shed  to  a  diameter  of  0.015  in.  to 
minimize  Interference  with  the  flow  field  surveyed. 

In  addition  to  the  probes  used  for  survey  measurements,  a 
"touch-sensor"  probe  was  used  to  halt  the  probe  drive  mechanism  prior 
to  contact  of  the  other  probes  with  the  model.  (See  Sections  2.3  and 
3.1.)  The  probe  was  made  by  brazing  a  lead  wire  to  a  piece  of 
0.031-1n.-0.D.  steel  tubing.  This  tubing  was  telescoped  in  a  larger 
diameter  tube  (0.093-in.  0.0.)  and  electrically  isolated  from  the 
larger  tube  using  Pyroceram®  cement.  The  inner  tubing  was  bent  to  make 
contact  with  the  model  surface  as  required.  A  similar  "touch-sensor" 
wire  was  attached  to  the  probe  shield  (Section  2.3)  to  stop  the  probe 
drive  mechanism  prior  to  contact  of  the  shield  with  the  model. 
(See  Section  3.1.) 

2.5  TEST  INSTRUMENTATION 

2.5.1  Standard  Instrumentation 

The  measuring  devices,  recording  devices,  and  calibration  methods 
for  all  parameters  measured  during  this  test  are  listed  in  Table  2. 
Also,  Table  2  identifies  the  standard  wind  tunnel  instruments  and 
measuring  techniques  used  to  define  test  parameters  such  as  the  model 
attitude,  the  model  surface  conditions,  probe  positions,  and  probe 
measurements.  Additional  special  instrumentation  used  in  support  of 
this  test  effort  Is  discussed  In  the  succeeding  subsections. 

2.5.2  Model  Surface  Instrumentation 

The  locations  of  the  model  instrumentation  are  listed  in  Table  1. 
The  surface  pressure  orifices  (TAP  1  -  TAP  26)  on  the  model  had  a 
diameter  of  0.040  in.;  and  the  pressures  were  measured  using  one-psid 
Oruck*  transducers  or  2.5  psid  ESP  transducers  included  in  the  Tunnel  B 
Standard  Pressure  System. 

Coaxial  surface  thermocouple  gages  were  used  to  measure  the  model 
surface  heating  rates  and  surface  temperatures.  The  coax  gage  consists 
of  an  electrically  Insulated  Chromel®  center  enclosed  in  a  cylindrical 
Constantan  sleeve.  After  assembly  and  installation  in  the  model,  the 
gage  materials  are  blended  together  with  a  file  creating  thermal  and 
electrical  contact  In  a  thin  layer  at  the  surface  of  the  gage.  The 
gage  is  used  to  monitor  the  surface  temperature  time  history  at  a  rate 
of  15  points  per  second.  Assuming  the  surface  thermocouple  behaves  as 
a  homogeneous,  one-dimensional,  semi-infinite  solid.  Its  temperature 
time  history  can  be  used  to  define  the  corresponding  time  history  of 
the  Incident  heat  flux.  A  complete  description  of  this  gage  and  the 


9 


data  reduction  procedure  can  be  found  in  Refs.  12  and  13.  The 
recording  and  calibrating  procedures  for  this  type  gage  are  summarized 
in  Table  2. 

2.5.3  Hot-Film  Anemometry  Instrumentation 

Flow  fluctuation  measurements  were  made  using  hot-wire  anemometry 
techniques.  Constant-current  hot-wire  anemometer  instrumentation  with 
auxiliary  electronic  equipment  was  furnished  by  AEDC.  The  anemometer 
current  control  (Phllco-Ford  Model  ADP-13)  which  supplies  the  heating 
current  to  the  sensor  Is  capable  of  maintaining  the  current  at  any  one 
of  15  preset  values  Individually  selected  using  push-button  switches. 
The  anemometer  amplifier  (Phllco-Ford  Model  ADP-12),  which  amplifies 
the  wire-response  signal,  contains  the  circuits  required  to  compensate 
the  signal  electronically  for  thermal  lag  which  is  a  characteristic  of 
the  finite  heat  capacity  of  the  sensor.  A  square-wave  generator 
(Shapiro/Edwards  Model  G-50)  was  used  in  determining  the  time  constant 
of  the  sensor  whenever  required.  The  sensor  heating  current  and  mean 
voltage  were  fed  to  autoranging  digital  voltmeters  for  a  visual  display 
of  these  two  parameters  and  to  a  Bell  and  Howell  Model  VR3700B  magnetic 
tape  machine  and  to  the  tunnel  data  system  for  recording.  The  sensor 
response  a-c  voltage  was  fed  to  an  oscilloscope  for  visual  display  of 
the  raw  signal  and  to  a  wave  analyzer  (Hewlett-Packard  Model 
8553B/8552B)  for  visual  display  of  the  spectra  of  the  fluctuating 
signal  and  was  recorded  on  magnetic  tape  for  subsequent  analysis  by 
AEDC.  A  detailed  description  of  the  hot-wire  anemometer  instrumentation 
is  given  in  Ref.  14. 

The  a-c  response  signal  from  the  hot-wire  anemometer  probe  was 
recorded  using  the  Bell  and  Howell  Model  VR3700B  magnetic  tape  machine 
In  the  FM-WBII  mode.  This  channel,  when  properly  calibrated  and 
adjusted,  has  a  signal -to-nolse  ratio  of  35  db  at  1-v  rms  output  and  a 
frequency  response  of  +1  to  -3  db  over  a  frequency  range  of  0  to 
500  kHz.  A  sine  wave  generator  was  used  to  check  each  channel  at 
several  discrete  frequencies,  using  an  rms-voltmeter  which  was 
periodically  calibrated  on  the  1-,  10-,  and  100-v  ranges.  The  sensor 
heating  current  and  mean  voltage  signals  from  the  hot-wire  anemometer 
were  also  tape-recorded ,  using  the  FM-WBI  mode.  Magnetic  tape 
recordings  were  made  with  a  tape  speed  of  60  or  120  In. /sec. 

2.5.4  Pitot  Probe  Pressure  Instrumentation 

Pitot  probe  pressures  were  measured  during  surveys  of  the  model 
boundary  layer  using  a  15-psld  Druck  transducer  calibrated  for  10-psid 
full  scale.  As  the  probe  was  moved  across  the  boundary  layer,  the 
small  size  of  the  pitot  probe  (Section  2.4)  required  a  time  delay 
between  points  In  order  to  stabilize  the  pressure  within  the  probe 
tubing  between  orifice  and  transducer.  In  order  to  reduce  the  lag 
time,  the  pitot  pressure  transducer  was  housed  in  a  water-cooled 
package  attached  to  the  trailing  edge  of  the  strut  on  which  the  probe 
rake  was  mounted  (Section  2.3).  The  distance  between  orifice  and 
transducer  was  approximately  18  inches.  The  resultant  lag  time  was 
about  one  second. 
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3.0  TEST  DESCRIPTION 


3.1  TEST  CONDITIONS  AND  PROCEDURES 


A  summary  of  the  nominal  test  conditions  is  given  below. 


a 

PT,  psia 

TT,  °R 

V,  ft/sec 

Q,  psia 

KSI 

P,  psia 

RE/FT  x  lO*4 

7.94 

225 

1,310 

3,855 

1.06 

98 

0.024 

1.0 

7.96 

MSM 

1,310 

3,857 

1.58 

98 

0.036 

1.5 

7.98 

453 

1,310 

3,859 

2.10 

97 

0.047 

2.0 

A  summary  of  the  test  runs  for  the  present  Investigation  using  the 
cooled-wall  hollow  cylinder  model  is  given  in  Table  3.  Only 
heat-transfer  data  were  acquired  at  RE/FT  *  2.0  million. 

In  the  continuous-flow  Tunnel  B,  the  model  is  mounted  on  a  sting 
support  mechanism  in  an  Installation  tank  directly  underneath  the 
tunnel  test  section.  The  tank  is  separated  from  the  tunnel  by  a  pair 
of  fairing  doors  and  a  safety  door.  When  closed,  the  fairing  doors, 
except  for  a  slot  for  the  pitch  sector,  cover  the  opening  to  the  tank, 
and  the  safety  door  seals  the  tunnel  from  the  tank  area.  After  the 
model  Is  prepared  for  a  data  run,  the  personnel  access  door  to  the 
Installation  tank  is  closed,  the  tank  is  vented  to  the  tunnel  flow,  the 
safety  and  fairing  doors  are  opened,  the  model  Is  injected  into  the 
airstream,  and  the  fairing  doors  are  closed.  After  the  data  are 
obtained,  the  sequence  is  reversed;  the  model  is  retracted  into  the 
tank  which  Is  then  vented  to  atmosphere  to  allow  access  to  the  model  In 
preparation  for  the  next  run.  The  sequence  is  repeated  for  each 
configuration  change. 

Probes  mounted  to  the  X-Z  mechanism  (Section  2.3)  are  deployed  for 
measurements  by  the  following  sequence  of  operations:  the  air  lock  is 
closed,  secured  over  the  mechanism,  and  evacuated;  and  the  access  door 
to  the  tunnel  test  section  is  opened.  The  various  drive  systems  are 
used  to  Inject  the  probes  Into  the  test  section  and  position  the  probes 
at  a  designated  survey  station  along  the  length  of  the  model,  the 
shield  protecting  the  probes  Is  raised  exposing  them  to  the  flow,  and 
the  flow  field  Is  traversed  to  selected  probe  heights.  When  the 
traverse  has  been  concluded,  the  shield  is  closed  over  the  probes,  and 
the  mechanism  is  repositioned  along  the  model.  When  the  surveys  are 
completed  or  when  a  probe  is  to  be  replaced,  the  X-Z  Mechanism  is 
retracted  from  the  flow,  and  the  test  section  access  door  is  closed. 
The  air  lock  Is  then  opened  to  allow  personnel  access  to  the  mechanism. 

The  survey  probe  height  relative  to  the  model  was  monitored  using 
a  hlgh-magnlflcat Ion,  closed-circuit  television  (CCTV)  system.  The 
video  camera  was  fitted  with  a  telescopic  lens  system  which  gave  a 
magnification  factor  of  20  for  the  monitor  image.  The  probe  and  model 
were  back-lighted  using  the  collimated  light  beam  from  the  Tunnel  B 


shadowgraph  system  which  produced  high-contrast  silhouettes  of  the 
model  and  probe  (Fig.  6).  The  camera  was  mounted  on  a 
horizontal -vertical  traversing  mount  to  facilitate  alignment  of  the 
camera  with  the  probe  at  various  model  stations  visible  through  the 
test  section  windows.  The  video  camera  was  Interfaced  with  an  Image 
analyzer/digitizer  system  which  was  used  to  measure  the  distance 
between  the  probe  and  model  surface  using  computer-assisted  Image 
analysis  techniques.  For  each  measurement  the  lower  edge  of  the  probe 
and  the  upper  edge  of  the  model  surface  were  located  by  an  operator 
using  a  cursor  with  the  video  Image.  The  system  was  calibrated  prior 
to  testing  by  the  same  operator  using  the  same  technique  to  locate 
edges  separated  by  a  known  distance. 

A  hardcopy  of  the  video  Image  of  the  probes  and  model  edge  was 
provided  In  near  real-time,  showing,  by  means  of  a  graphics  line,  the 
location  of  the  edges  measured  and  displaying  a  printout  of  the 
measured  distance  and  other  pertinent  Information.  The  accuracy  of 
this  measurement  technique  was  determined  to  be  better  than  ±0.0007  In. 
over  a  range  of  0.003  to  0.2  In.  under  air-off  conditions.  The  video 
Images  used  for  test  measurements  were  recorded  on  disk  for  post  test 
review.  If  needed. 

The  flow-field  surveys  were  accomplished  In  the  following 
sequence:  (1)  the  survey  mechanism  was  positioned  at  the  desired 
model  axial  station  (XSTA)  by  the  controller  operating  In  either  manual 
or  automatic  mode  and  locked  In  axial  position,  (2)  the  survey 
mechanism  was  driven  downward  toward  the  surface  by  the  controller 
until  the  "touch- sensor “  wire  (Section  2.4)  attached  to  the  probe 
shield  made  contact  with  the  model  surface,  (3)  final  adjustments  of 
probe  Instrumentation  were  made  and  the  shield  was  raised,  (4)  the 
survey  mechanism  was  driven  toward  the  model  surface  by  the  controller 
until  the  "touch- sensor"  probe  (Section  2.3)  made  contact  with  the 
surface,  (5)  measurements  of  probe  positions  relative  to  the  surface 
and  to  each  other  were  made  using  the  Image  analyzer  and  the 
Information  was  manually  entered  Into  the  data  system,  (6)  the  probes 
were  traversed  across  the  flow  field  In  selected  Increments  by  the 
controller  In  either  manual  or  automatic  mode  to  acquire  the  desired 
data,  (7)  the  axial  position  of  the  survey  mechanism  was  unlocked  and 
the  mechanism  was  repositioned  at  the  next  survey  station  along  the 
model. 

3.2  DATA  ACQUISITION 

The  primary  test  technique  used  In  the  present  Investigation  of 
the  development  of  Instabilities  In  a  laminar  boundary  layer  was 
hot-wire  anemometry.  In  addition,  mean-flow  boundary- layer  profile 
data  (pitot  pressure  profiles)  were  acquired  In  order  to  define  the 
flow  environment  In  the  vicinity  of  the  hot-wire.  All  boundary- layer 
measurements  were  made  above  the  top  (zero)  ray  of  the  model.  Surface 
pressures  and  temperatures  on  the  model  were  measured  to  supplement  the 
profile  data.  The  various  types  of  data  acquired  are  summarized  In 
Table  3.  Model  stations  for  surveys  are  also  listed  in  Tables  3a 
and  3b. 
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3.2.1  Hot-Wire  Anemometry  Data 

The  hot-wire  anemometer  data  acquired  during  the  present  testing 
were  of  two  general  categories:  (1)  conti nuous-traverse  surveys  of  the 
boundary  layer  to  map  the  response  of  the  hot-wire  anemometer  as  a 
function  of  distance  from  the  surface  and  (2)  discrete-point  hot-wire 
measurements  using  the  wire  operated  at  one  or  two  wire  heating 
currents  at  one  or  more  locations  on  a  profile. 

Oata  of  the  first  category  were  acquired  with  the  hot  wire 
operated  using  a  single  heating  current.  In  the  present  case  the 
maximum  (practical)  current.  The  probe  was  generally  translated  in  a 
continuous  manner  from  near  the  model  surface  outward  beyond  the  edge 
of  the  boundary  layer.  These  data  were  recorded  as  analog  plots  of  the 
hot-wire  response  (rms  of  the  a-c  voltage  component)  versus  probe 
height  above  the  model  surface.  The  plot  was  used  primarily  for  the 
purpose  of  determining  the  station  in  the  boundary- layer  profile  where 
the  hot-wire  output  reached  a  maximum  value. 

Discrete-point  hot-wire  data  (second  category)  were  acquired  at 
locations  determined  from  the  continuous-traverse  surveys  (first 
category  data).  The  point  of  maximum  rms  voltage  output  of  the  hot 
wire,  the  "maximum  energy  point"  of  the  profile,  was  selected  for 
quantitative  measurements  at  each  model  station.  The  quantitative  data 
were  acquired  using  each  of  two  wire  heating  currents;  one  current  was 
nominal -zero  to  obtain  a  measurement  of  the  electronic  noise  of  the 
anemometer  instrumentation.  The  other  current  was  the  maximum 
(practical)  current.  Each  wire  heating  current,  wire  mean  voltage  (d-c 
component)  and  the  rms  value  of  the  wire  voltage  fluctuation  (a-c 
component)  were  measured  40  times  using  the  Tunnel  B  data  system.  At 
the  same  time,  the  hot  wire  parameters  were  recorded  (generally,  a 
five-second  record  duration)  on  magnetic  tape  with  a  tape  transport 
speed  of  120  In. /sec. 

Discrete-point  hot-wire  data  were  also  obtained  simultaneously 
with  the  boundary- layer  profile  data  (Section  3.2.2).  In  this  case  a 
measurement  and  recording  of  the  electronic  noise  was  made  only  at  the 
start  of  the  traverse  and  was  assumed  to  be  valid  for  all  points  of  the 
profile.  The  tape  recording  duration  was  5  sec  and  a  tape  transport 
speed  of  60  In. /sec  was  used. 

3.2.2  Profile  and  Surface  Oata 

Mean-flow  boundary-layer  profiles  extended  from  a  height  of 
0.05  In.  above  the  model  surface  to  a  distance  of  1.5  times  the 
boundary- layer  thickness.  A  profile  typically  consisted  of  47  data 
points  (heights).  The  probe  direction  of  travel  was  at  an  angle  of 
6.5  deg  with. respect  to  the  vertical  (Section  2.3). 

Model  surface  pressures,  temperature  distributions,  and  heat-flux 
distributions  were  acquired  to  supplement  the  boundary- layer  surveys. 
The  surface  pressures  and  temperatures  were  obtained  throughout  the 
test. 
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3.3  DATA  REDUCTION 

3.3.1  Hot  Wire  Anemometer  Data 

In  the  present  discussion,  as  It  pertains  to  the  reduction  of 
hot-wire  anemometer  data,  only  the  basic  measurements  tabulated  in  the 
data  package  that  accompanies  this  report  will  be  considered^ 
(Examples  of  the  tabulations  are  shown  In  the  Sample  Data.)  The  data 
processing  associated  with  spectral  analysis,  modal  analysis,  and 
determination  of  amplification  rates  of  laminar  disturbances  Is  beyond 
the  scope  of  this  report.  However,  extended  data  reduction  of  the 
present  hot-wire  results  to  achieve  these  analyses  Is  planned. 

The  basic  measurements  associated  with  quantitative  hot-wire  data 
are  the  following:  wire  heating  current  (CURRENT),  wire  mean  voltage 
(EBAR),  and  the  rms  value  of  the  wire  fluctuating  response  voltage 
(ERMS).  The  average  value  of  40  measurements  of  each  of  the  three 
parameters  was  determined  for  each  nominal  wire  heating  current 
employed,  and  the  results  were  tabulated  under  the  designation  "DATA 
TYPE  9"  together  with  certain  associated  model,  flow  field,  and  tunnel 
conditions.  (See  Sample  1.) 

3.3.2  Flow-Field  Survey  Data 

The  mean  flow-field  data  reduction  ("DATA  TYPE  4")  included 
calculation  of  the  local  Mach  number  and  other  local  flow  parameters, 
determination  of  the  height  of  each  probe  relative  to  the  model 
surface,  definition  of  the  boundary- layer  total  thickness,  and 
evaluation  of  the  displacement  and  momentum  thicknesses.  Sample 
tabulated  data  are  shown  In  Sample  2,  and  typical  plotted  results  are 
shown  In  Fig.  7.  The  data  reduction  procedures  are  outlined  as 
follows. 

The  local  Mach  number  In  the  flow  field  around  the  model  was 
determined  using  the  measured  pitot  pressure  (PP)  and  the  model  static 
pressure  (PWL).  The  total  temperature  distribution  across  the  boundary 
layer  on  the  cooled-wall  hollow  cylinder  was  calculated,  using  a 
computer  code  (Ref.  15),  as  a  function  of  local  Mach  number.  The 
normalized  distribution  used  Is  shown  in  Fig.  8.  In  earlier  tests  of 
this  type  with  cone  models  (Refs.  1-4),  the  total  temperature 
distribution  across  the  boundary  layer  was  measured  using  an  unshielded 
thermocouple  probe.  Attempts  to  use  a  similar  probe  in  the  present 
measurements  In  conjunction  with  the  hot-wire  probe  and  pitot  pressure 
probe  resulted  In  an  unacceptable  mutual  Interference  among  the  probes. 

The  height  of  each  probe  above  the  model  surface,  in  the  normal 
direction,  was  calculated  for  each  point  In  a  given  flow-field  survey, 
taking  Into  consideration  the  following  parameters:  the  Initial 
vertical  distance  determined  from  the  CCTV  Image,  the  distance 
traversed  from  the  Initial  position  employing  the  survey  probe  drive, 
the  sweep  angle  of  the  survey  strut,  the  lateral  displacement  of  the 
probe  from  the  vertical  plane  of  symmetry  of  the  model,  and  the  radius 
of  the  model. 
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3.3.3  Model  Surface  Pressure  and  Temperature  Data 

Model  surface  pressures  and  temperatures  were  tabulated  under  the 
designation  "DATA  TYPE  2"  and  "DATA  TYPE  4."  The  data  presented  as 
DATA  TYPE  2  (see  Sample  3)  represent  a  single  measurement  of  each 
pressure  and  each  temperature.  These  data  were.  In  general,  acquired 
when  the  survey  probes  were  positioned  to  minimize  Interference  with 
the  surface  measurements  at  X  s  37  in. 

Model  surface  measurements  were  also  Included  among  the  DATA  TYPE 
4  results.  In  this  case,  surface  conditions  were  measured  each  time 
that  probe  data  were  acquired.  The  surface  data  presented  In  these 
tabulations  represent  the  average  of  the  47  values  measured  at  each 
orifice  and  each  thermocouple.  It  should  be  noted  that  pressures  along 
the  1S-,  90- ,  and  270-deg  rays  were  often  Influenced  by  the  presence  of 
the  survey  probes  and  the  Z'  survey  strut.  The  extent  of  the  Influence 
was  governed  by  the  location  of  the  probes  above  the  model.  It  Is 
recommended  In  general  that  only  the  pressures  measured  along  the 
180-deg  ray  be  used  from  the  surface  data  tabulated  under  DATA  TYPE  4. 

Measured  pressure  distributions  are  shown  In  Fig.  9  for  the 
two  test  conditions  RE/FT  -  1.0  and  1.5  million.  For  the  former  case 
(Fig.  9a),  the  mean  value  of  the  surface  pressures  (at  THETA  *  15,  90, 
and  270  deg)  Is  approximately  PW/P  »  1.1.  For  the  case  of  RE/FT  * 
1.5  million  (Fig.  9b),  the  mean  value  Is  essentially  PW/P  *  1.0. 
In  either  case,  the  estimated  measurement  uncertainty  band  associated 
with  the  ratio  PW/P  Is  relatively  wide.  It  was  desired  to  have  within 
the  uncertainty  band  a  systematic  relationship  between  PW/P  and  X  for 
use  in  specifying  the  surface  pressure  PWL  to  be  employed  In  the 
boundary-layer  calculations  at  a  given  X  station  and  RE/FT.  The 
following  procedure  was  used  to  develop  such  a  relationship:  (1)  It 
was  assumed  that  the  Mach  number  ME  at  the  edge  of  the  boundary  layer 
did  not  vary  significantly  with  X  along  the  region  of  surveys  and  was 
equal  to  the  test-section  free-stream  Mach  number,  and  (2)  The  pitot 
pressure  PPE  at  the  edge  of  the  boundary- layer  was  used  with  this  Mach 
number  (ME)  and  the  Rayleigh  pitot  equation  to  calculate  the  value  of 
PWL.  The  resultant  variation  of  PWL/P  versus  X  Is  represented  by  the 
sloped  line  In  each  of  the  Figs.  9a  and  9b. 

3.3.4  Heat-Transfer  Oata 

The  coax  gage  heat  flux  at  each  Instrumented  location  was  computed 
for  each  time  point  (tn)  from  the  measured  surface  temperature  by  the 
following  equation  derived  from  semi-infinite  solid  considerations 


QDOTU  )  = 

ft 


I 


j  =  i 


TW(',)-TW('i-i) 

V  t  -  t .  +  V  t  -  t  , 

n  j  n  j-\ 


(1) 


The  coax  gage  surface  temperature,  TW  (tj),  was  computed  from 
the  thermocouple  millivolt  output  using  a  curveJ  fit  to  thermocouple 
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reference  tables.  The  value  of  the  coefficient  C  (tn)  was  an 
effective  scale  factor  for  the  coax  gage  which  was  calculated  from 


=  5.26  x  10-4 


Tw(t.)  +  Tw(t ,) 


+  0.12688 


(2) 


which  accounts  for  the  density,  specific  heat,  and  thermal  conductivity 
of  the  gage  materials. 

To  reduce  the  effects  of  any  noise  In  the  gage  output,  the  values 
of  QOOT  were  averaged  for  fifteen  consecutive  readings  after  the  test 
article  reached  the  tunnel  centerline.  The  gage  surface  temperature 
was  also  averaged  for  the  heat- transfer  data. 

An  example  of  the  tabulated  heat-transfer  data  Is  shown  In 
Sample  4. 

3.4  MEASUREMENT  UNCERTAINTIES 

In  general.  Instrumentation  calibrations  and  data  uncertainty 
estimates  were  made  using  methods  presented  In  Ref.  16.  Measurement 
uncertainty  (U)  Is  a  combination  of  bias  and  precision  errors 
defined  as 

^=±(b  +  '„s) 


where  B  Is  the  bias  limit,  S  Is  the  standard  deviation,  and  t95  is  the 
95th  percentile  point  for  the  two-tailed  Student's  "tM  distribution, 
which  equals  approximately  2  for  degrees  of  freedom  greater  than  30. 

Estimates  of  the  measured  data  uncertainties  for  this  test  are 
given  In  Table  2.  In  general,  measurement  uncertainties  are  determined 
from  In-place  calibrations  through  the  data  recording  system  and  data 
reduction  program.  The  propagation  of  the  estimated  bias  and  precision 
errors  of  the  measured  data  through  the  data  reduction  was  determined 
for  free-stream  parameters  in  accordance  with  Ref.  16,  and  is 
summarized  In  Table  4. 

4.0  OATA  PACKAGE  PRESENTATION 

Basic  hot-wire  anemometer  data,  boundary-! ayer  profile  data,  and 
model  surface  data  from  the  test  were  reduced  to  tabular  and  graphical 
form  for  presentation  a*  a  Data  Package.  Examples  of  the  basic  data 
tabulations  are  shown  In  the  Sample  Data. 
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Figure  1.  AEDC  Hypersonic  Wind  Tunnel  B 
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Figure  3.  Test  Installation 
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a.  Survey  Rake  Installation 
Figure  4.  Survey  Probe  Rake 
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Survey  Rake  Details 


a.  Hot-Wire  *■ — •'uneter  Probe 


b.  Pitot  probe 


Figure  5.  Probe  Details 


24 


GO 


25 


Figure  6.  Video  Image  of  Probe  and  Model  Edges 
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Figure  7.  Typical  Results  of  a  Boundary-Layer  Survey 
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Figure  8.  Computer-Generated  Soundary-Layer  Total  Temperature  Profile 
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b.  RE/FT  -  1.5  million 


Figure  9.  Model  Surface  Pressure  Distributions 


TABLE  1.  MODEL  INSTRUMENTATION  LOCATIONS 


PRESSURE  ORIFICE  LOCATIONS 

COAXIAL  THERMOCOUPLE 
LOCATIONS 

TAP 

X 

(in) 

THETA 

(deg) 

T/C 

■i 

THETA 

(deg) 

1 

37.721 

15 

1 

6.996 

345 

2 

39.215 

15 

2 

7.982 

345 

3 

40.712 

15 

3 

15.980 

345 

4 

42.224 

15 

4 

16.978 

345 

S 

43.709 

15 

5 

17.983 

345 

6 

45.216 

15 

6 

19.972 

345 

7 

46.728 

15 

7 

21.966 

345 

8 

47.226 

15 

8 

22.988 

345 

9 

7.973 

90 

9 

23.981 

345 

10 

9.971 

90 

10 

24.966 

34S 

11 

11.973 

90 

11 

25.966 

345 

12 

19.969 

90 

12 

26.975 

345 

13 

25.971 

90 

13 

27.966 

345 

14 

29.973 

90 

14 

28.970 

345 

15 

7.970 

180 

15 

29.964 

345 

16 

9.971 

180 

16 

31.966 

345 

17 

11.968 

180 

17 

32.969 

345 

18 

19.971 

180 

18 

33.964 

345 

19 

25.974 

180 

19 

34.954 

345 

20 

29.969 

180 

20 

35.964 

345 

21 

7.970 

270 

21 

36.970 

345 

22 

9.967 

270 

22 

37.969 

345 

23 

11.966 

270 

23 

38.957 

345 

24 

19.970 

270 

24 

39.958 

345 

25 

25.971 

270 

25 

40.958 

345 

26 

29.973 

270 

26 

41.956 

345 

27 

42.962 

345 

Steady- Sum  Estimated  Measurement 


Note:  ♦  Bias  assumed  to  be  eero 
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TABLE  3.  CONCLUDED 
c  Model  Surface  Data  •  Run  Summary 


RE/FT  x  10* 

Pressure  and  Temperature  Data 

Heat-Transfer 

Data 

1.0 

12.19,  23,24,30, 44, 67,100 

1-4,  26. 27.31-33 

1.5 

63.  8S 

5-9 

2.0 

- 

10,11 

TABLE  4.  ESTIMATED  UNCERTAINTIES  OF  CALCULATED  PARAMETERS 
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Sample  4.  Model  Surface  Heat-Transfer  Data 


